There is growing attention to the use of greenery in urban areas, in various forms and functions, as an instrument to reduce the impact of human activities on the urban environment. The aim of this study has been to investigate the use of green roofs as a strategy to reduce the urban heat island effect and to improve the thermal comfort of indoor and outdoor environments. The effects of the built-up environment, the presence of vegetation and green roofs, and the urban morphology of the city of Turin (Italy) have been assessed considering the land surface temperature distribution. This analysis has considered all the information recorded by the local weather stations and satellite images, and compares it with the geometrical and typological characteristics of the city in order to find correlations that confirm that greenery and vegetation improve the livability of an urban context. The results demonstrate that the land-surface temperature, and therefore the air temperature, tend to decrease as the green areas increase. This trend depends on the type of urban context. Based on the results of a green-roofs investigation of Turin, the existing and potential green roofs are respectively almost 300 (257,380 m 2 ) and 15,450 (6,787,929 m 2 ). Based on potential assessment, a strategy of priority was established according to the characteristics of building, to the presence of empty spaces, and to the identification of critical areas, in which the thermal comfort conditions are poor with low vegetation. This approach can be useful to help stakeholders, urban planners, and policy makers to effectively mitigate the urban heat island (UHI), improve the livability of the city, reduce greenhouse gas (GHG) emissions and gain thermal comfort conditions, and to identify policies and incentives to promote green roofs.
Introduction
The development of cities, with the consequent use of territory and the increase in built-up areas, causes some environmental issues, such as the urban heat island (UHI) effect, which is able to increase the air temperature by 2%-5% in a city, affecting noise and air pollution, and storm water run-off [1] . Buildings are one of the main contributors toward increments in the local urban air temperature [2] . UHI mitigation has become one of the priorities of the European Union, which has promoted green infrastructure using policy initiatives and incentives in order to reach sustainable and resilient cities [3] . Various UHI mitigation strategies may be used to improve the indoor and outdoor thermal comfort in urban areas [4] . For example, the absence of vegetation in a high-density urban context is one of the factors that contribute toward the increase in urban air temperatures. Green roofs could represent a solution for the development of resilient urban cities as they promote the mitigation of the microclimate, energy savings, reductions in atmospheric and sound pollution, reductions in the water runoff speed, the growth of biodiversity, better performances of photovoltaic coverage panels and social and economic benefits [5] . Covering roofs with vegetation helps to mitigate the UHI effect by modifying microclimate and local climate [6] . A map can be created, through an analysis of the land cover, to identify green urban spaces, such as parks, playgrounds and residential green areas [7] . Moreover, through the use of a geographic information system (GIS) tool, it is possible to analyze the presence of vegetation according to the availability of the data. An analysis of the green spaces in urban contexts is essential for urban planning to identify sustainable policies in order to improve the quality and comfort of indoor and outdoor spaces in a city [8] . In order to assess the sustainability of a neighbourhood or a city, it is possible to refer to environmental protocols, such as the LEED (leadership in energy and environmental design) protocol. LEED introduces a weighting system which, on the basis of several indicators, allocates points according to the ability to reduce environmental problems. For example, the solar reflectance index (SRI) is used to minimize the effects of UHIs on microclimates and on human and wildlife habitats.
Basel, Sheffield (i.e., Green Roof Centre), London, Copenhagen (i.e., Green Roofs Copenhagen Strategy), Rotterdam, Amsterdam, Paris (i.e., Vegetalision la Ville), Madrid (i.e., Madrid + Natural), Stuttgart and Berlin (i.e., German Federal Building Code) are just some of the European cities that have introduced green measures to mitigate the UHI effect, global warming, and climate changes. The experiences of Toronto, Chicago, San Francisco, Portland, Denver, and New York are also worth mentioning. New York has recently promoted the Climate Mobilization Act to mitigate the significant effects of greenhouse gas emissions from buildings, as buildings contribute 71% of citywide emissions. The NYC legislative package stipulates that the roofs of new or renovated buildings should be equipped with a solar photovoltaic system or a green roof.
In Italy, green roofs are considered one of the solutions for environmental sustainability in the municipal building code of some cities (e.g., Turin), with exemptions on the payment of contributions to the construction costs. Moreover, the "green bonus", which provides tax deductions related to green areas and the landscape, such as green roofs and hanging gardens, was introduced in Italy in 2018.
In this work, different parameters have been used to describe the UHI mitigation and indoor and outdoor thermal conditions of buildings and urban environments. The first step was an analysis of the green areas and vegetation of outdoor urban spaces. Various tools were integrated with geographic information system (GIS) software to produce accurate land cover and vegetation maps. The second step was the analysis of outdoor thermal comfort using weather station (WS) data, which provides information on the air temperature, relative humidity, wind speed, and solar radiation. The land cover was assessed through satellite images, with the albedo, normalized difference vegetation index (NDVI), and the land-surface temperature (LST). The analysis was completed with the calculation of several thermal comfort indexes. An analysis of the thermal performance of green roofs has been performed in the last part of this work to investigate the energy and greenhouse gas (GHG) emissions savings and indoor thermal comfort conditions, in relation to different green-roof technologies.
Literature Review
An analysis of the state of art was conducted to obtain an overview on the effect of vegetation on the mitigation of UHI to improve indoor and outdoor thermal comfort, and three themes were analyzed: (i) the methodologies used to evaluate green roofs and green urban areas, (ii) the effect of green urban areas on outdoor thermal comfort, and (iii) the effect of green roofs on energy savings and on indoor thermal comfort. The main databases that were consulted were: Web of Science, Scopus, and Google Scholar. Table 1 shows the main articles published for each category. Table 1 . Literature review on the impact of green roofs and green urban areas on indoor and outdoor thermal comfort.
Category

No. of Papers Source
GIS-based methodology to evaluate green roofs and green urban areas 9 [4] [5] [6] [7] [8] [9] [10] [11] [12] Outdoor thermal comfort: UHI mitigation strategies and thermal comfort indexes 20 [2, 4, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Energy savings and Indoor thermal comfort from Green roofs 5 [1, [31] [32] [33] [34] 
Research Background
This section presents an overview of the researches carried out on the three themes indicated in the previous section. Here, we present information on the different methodologies that are applied to analyse green roofs and green urban spaces and examine the impacts on indoor and outdoor thermal comfort with the aim of achieving more sustainable and resilient cities.
GIS-Based Methodology to Evaluate Green Roofs and Green Urban Areas
The perception of overheating in cities is central key as far as the urban liveability and human health are concerned. According to the state of the art [4] [5] [6] [7] [8] , different methodologies, integrated with a GIS tool, are available to evaluate green roofs and urban green areas and to analyze the liveability of outdoor spaces, considering the relationship between the climate and the characteristics of the urban environment.
Zheng et al. [9] developed an extremely accurate GIS-based 3D city model for the representation of the buildings roofs using LiDAR nDSM. This hybrid approach was able to identify flat, tiled and pavilion roofs. Santos et al. [6] presented a 3D methodology to analyze green urban areas at a city scale. They measured the green surfaces through WorldView-2 imagery tool estimating the potential green roofs with 3D data obtained from LiDAR measurements. Hong et al. [10] set up roof greening constructability evaluation method which is able to distinguish between existing and new buildings. They used some building indicators to identify the potential of the roofs: the period of construction, type of envelope, maintenance level, height, floors, free roof area (greater than 200 m 2 ), and roof inclination (less than 15°). Li and Brimicombe [5] successfully used LiDAR data to assess the potential of green roofs. Their results showed that LiDAR can be cost-effectively used to classify the roof geometries of large areas according to such green-roof design criteria as the roof slope and solar radiation. Solar radiation on buildings, at an urban scale, is an important factor for a sustainable environment. Different approaches that take solar radiation into account are available to identify possible green roofs. For example, Kaynak et al. [11] presented a novel method to evaluate direct and diffuse solar radiation on 3D structures. With these models, it is possible to analyze the global solar radiation and the daily duration of daylight at a roof level. The Angstrom-Prescott equation can be used to correlate the solar irradiation and sunshine duration [12] , and this relation is also useful to identify roofs that have the potential of being green roofs. The accuracy of the analysis about solar radiation depends on the overall buildings 3D analysis and on the model effectiveness [11] .
Outdoor Thermal Comfort: UHI Mitigation Strategies and Thermal Comfort Indexes
As already mentioned, green areas improves the aesthetic value of urban context reducing the UHI effect and achieving comfortable microclimate and climate conditions [13] [14] [15] [16] [17] [18] . The urbanization plays a key role in UHI expansion, an analysis of land cover types is critical for the outdoor spaces assessment in order to improve the thermal comfort, liveability and air quality of an urban environment [19] . Outdoor thermal comfort varies according to morphological context [16, 17] , and any increase in the environmental air temperature is influenced to a great extent by the thermal characteristics of buildings and urban surfaces [20] . For example, built surfaces (often characterized by low albedo values) absorb and store solar energy during the daytime and release such stored thermal energy during both the day and night [13] . The vegetation cover reduces LST, and any vegetative surfaces such as parks and forest reserves should be preserved in cities [21] .
Various studies have been conducted to investigate UHI, using, for example, satellite images, surveys, building footprints and morphological parameters [13, 23] . Renard et al. [22] examined UHI by analysing satellite images, and the study showed that heavy renovations are necessary to achieve a decrease in surface temperature and that the results are related to the increase in green urban spaces. A similar approach [13] confirmed that, by increasing the green roofs and changing the albedo of roofs, surface temperatures reduce linearly.
The urban microclimate is also affected by the shape and orientation of the streets, and the heights and density of the neighbouring buildings [23] . Several studies [15, [24] [25] [26] [27] [28] [29] have examined the relation between common morphological parameters, that is, the canyon height-to-width (H/W) ratio, the length-to-width (L/H) ratio, the sky view factor (SVF), the building coverage ratio (BCR), the building density and thermal comfort sensations using thermal indexes, such as physiologically equivalent temperature (PET) [20] . Sharmin et al. [15] examined the impact of the microclimate on outdoor thermal comfort through two approaches. One approach investigated the correlation between the environments and a thermal sensation vote measured at the same time; an alternative approach used a standard thermal index to estimate the thermal sensation of the people comparing this with the objective measurements. Muniz-Gäal et al. [24] evaluated the thermal comfort conditions of urban canyons by considering the variations in three urban variables: the H/W ratio, the L/H ratio and the space between buildings. Their results shown that with higher values of H/W ratios, the wind speeds and shading from buildings increased, decreasing the variation in thermal comfort sensation during the day (with low peak PET values), and improving thermal comfort at a pedestrian level. Rodríguez-Algeciras et al. [25] confirmed that the street geometry (H/W ratio) has a significant effect on the outdoor thermal comfort. Emmanuel et al. [26] also found that, in street canyon conditions, the maximum daily temperature is inversely proportional to the H/W ratio. The presence of shade, that increased through the increased of H/W ratios, allows to improve outdoor thermal comfort, and high albedo values at a street level leads to a lowering of the air temperature. Other studies [4, 28, 29] investigated the shading effects using the SVF, which defines the percentage of visible sky at specific positions. They found that the SVF significantly affects outdoor thermal environments. High SVF values cause discomfort in summer, and contrarily low SVF causes discomfort in winter. Ahmadi Venhari et al. [4] confirmed that there is a significant and positive relationship between SVF and PET values.
Another factor that influences the comfort of urban spaces is evapotranspiration. The cooling effect of green areas, due to the combined effect of shade and evapotranspiration, can significantly reduce the outdoor air temperature [30, 31] . The evapotranspirative effect of trees is manifest during summer, but it becomes less evident in winter due to a reduction of the greenery [30] . From the results of Robitu et al. [29] , it has emerged that the presence of trees reduces the SVF and the radiation absorbed by the human body. Vegetation and water should be considered as a key for the improvement of microclimate conditions. In general, the main heat mitigation strategy is the use of vegetation in different forms. Vegetation reduces heat thanks to evapotranspiration, reflecting the sun and the blocking the solar radiation [17] .
Energy Savings and the Indoor Thermal Comfort of Green Roofs
Green roofs can offer benefits of energy saving improving the energy performance of buildings, especially during summertime. This technology can be identified as a passive cooling technique with high thermal inertia that attenuates the solar irradiation thermal loads [31] . Moreover, the impact of the green areas on the microclimate has consequences on both indoor and outdoor thermal comfort. Planted trees can have a pleasant impact on the indoor thermal comfort of a house. It was found that, in Manchester, during the hottest day of 2017, by adding 17% more trees, indoor thermal comfort was improved by 20.8%. The regeneration of cities could be a solution for future warmer climates [32] .
A green roof on a school in Athens was investigated to reduce the air temperature in a classroom on the top floor by almost 3 °C in summertime, compared with the correspondent classroom under the concrete roof [33] . Moreover, green roofs were found to be able to reduce the energy consumption in the heating seasons in Toronto by 3% as a result of a reduction of the energy demand [34] .
A classification of green roofs can be found in the Italian UNI 11,235:2015 "Criteria for design, execution, testing and maintenance of green garden" Standard. This standard defines two main typologies of green roofs:
• intensive green roofs host plant species that require a 25-50 cm layer of earth and constant maintenance interventions (more than 4-5 times a year); they can have a global weight that can reach up to 2000 kg/m 2 , with a thickness of more than one meter and high costs; • extensive green roofs require a layer of earth of between 8 and 15 cm and few maintenance interventions (once or twice a year); they generally weigh less than 150 kg/m 2 and this area is only accessible for routine maintenance operations.
Intensive green roofs represent a typical solution for hanging gardens, while extensive roofs are generally used for very large surfaces, like the roofs of commercial buildings.
Research Objectives
Considering the key issues gleaned from the literature review, it is necessary to identify the main factors that affect the thermal comfort conditions in an urban environment in order to improve the quality of life and promote UHI mitigation. The main aim of this work has been to analyze how the presence of green surfaces integrated with the building envelopes, together with the urban morphology, can mitigate the UHI, improve indoor and outdoor thermal comfort, and help save energy. This methodology was applied to a case study of the city of Turin (Italy), and different types of urban canyons with various height-to-width (H/W) ratios and various orientations of the streets (MOS) were investigated. The presence of green roofs is known to have an effect on the local microclimate and also on the energy consumption and indoor thermal comfort of buildings, and three specific buildings with different types of green roofs have been investigated in this work. Indoor and outdoor thermal comfort indicators have been introduced to evaluate the urban liveability level. The presented methodology has attempted to address the following issues:
•
To what extent do green roofs help to mitigate the UHI and improve thermal comfort in an urban context? • Does the shape of the city, with its urban canyons, also influence thermal comfort? • What indicators can be used to design a more comfortable urban space?
Materials and Methods
The proposed approach is a flexible and replicable method that allows to evaluate the impact of green roofs and vegetation on indoor and outdoor thermal comfort in cities to be evaluated according to UHI mitigation strategies. This section describes the methodology used to evaluate the impact of green roofs on indoor and outdoor thermal comfort. There are four main sub-sections: (i) 'input data', which describes the main data considered at different scales and with different precision elaborated using the GIS tool (ArcGIS 10.7); (ii) 'GIS-based methodology: vegetation analysis', in which the current vegetation was assessed at a ground level through satellite images (Landsat 8) and orthophotos, and the current and potential for vegetation at a roof level were quantified by identifying four main criteria (roof area, roof material, roof slope, and hours of sunlight); (iii) 'outdoor thermal comfort', in which the different characteristics of the urban environment that affect the temperature gradients were analyzed (i.e., the sky view factor, the canyon effect, the building density, the street orientation, the percentage of green areas and reflective surfaces) with such thermal comfort indexes as the apparent temperature, the discomfort index and humidex; (iv) 'energy savings and indoor thermal comfort' in three buildings with different types of green roofs, where the energy savings and the thermal behavior of this type of envelope were analyzed.
Input Data
A georeferenced database, in which a variety of data, including remote sensing images, orthophotos, building data, land cover data, and microclimate data, were created to do this kind of analysis. Table 2 shows the characteristics of the input data and a description of the typology, the precision, the scale, the update date and the variables obtained from data processing:
•
Satellite images (Landsat 8-OLI/TIRS) were selected considering the microclimate conditions of the reference day (avoiding anomalous days) and a cloud cover of less than 5%. The satellite images were used to analyze the land cover types, through the calculation of some indicators, such as the albedo of the outdoor spaces (Avisible, Ashort, ANIR), the presence of vegetation (NDVI) and the land-surface temperature. This type of data has a precision of 30 m and these images made it possible to analyse the entire city of Turin in a relatively short time, but with sufficient accuracy. With satellite images, it is necessary to first convert each pixel into digital numbers. • A digital surface model (DSM) represents the earth's surface including trees and buildings, and it was used in the 3D vegetation analysis. This type of data has a precision of 0.5 and 5 m.
Orthophotos with RGB (red, green, blue) and IR (infrared) spectral bands, and a high spatial resolution of 0.1 m. The territory was classified, using orthophotos, as a function of the color tones.
A municipal technical map of the city gives information on a building's footprint, area, volume, number of floors and type of users. Morphological parameters were calculated with this information at a building block scale.
Microclimate data refers to WS measurements, and data from seven WSs on the temperature, relative humidity, vapor pressure, and wind velocity of the outdoor air and the solar radiation, have been used in this work to calculate some thermal comfort indicators. 
GIS-Based Methodology: Vegetation Analysis
The vegetation analysis was conducted using two methodologies: a 2D model developed for green urban areas at a ground level and a 3D model for a green roof analysis. The flowchart in Figure  1 describes the methodology and the input data used to identify the green surfaces at a ground level with the 2D model, and the existing and possible future green roofs with the 3D model, together with the identification of some criteria, such as: the typical green color, a minimal dimension, the slope, and the shading percentage. 
Outdoor Space Analysis
A 2D evaluation of the outdoor spaces was conducted, to quantify the green urban areas, through two approaches: (i) the Feature Analyst 5.2 (FA) tool (with a precision of 0.10 m) was successfully used to extract the green urban areas from orthophotos; (ii) the percentage of green areas was calculated using satellite images (Landsat 8-OLI/TIRS sensors with a precision of 30 m) and the NDVI index was assessed.
The following two approaches were used to evaluate the green surfaces:
(i) The spectral information available from the orthophotos (RGB and IR) allowed the green areas to be separated from the areas covered with other materials. Through the use of the Feature Analyst (FA) tool [35] , an extension of ArcGIS 10 (ESRI), it is possible to extract green areas as a function of the color tones. Feature Analyst (FA) is an application that allows to classify and extract different materials according to color tones [6] . The greening rate was mapped and quantified with this method using orthophotos with a precision of 0.10 m. Because of the high level of accuracy of the data (which led to a significant increase in the simulation time), this analysis was only carried out on eight areas in the city of Turin (not the whole city). (ii) The percentage of green areas was investigated for the whole city, by calculating the normalized difference vegetation index (NDVI) from satellite images (Landsat 8 with a precision of 30 m). NDVI was calculated by selecting satellite images for the months of January (21 st , 2016) and August (25 th , 2016) from the 'Earth Explorer' website. Images with limited cloud cover over the sites were selected, and in this case the percentages of cloud cover were 3.8% and 0.8%, respectively. According to [22] , NDVI is a simple but precise indicator that can be used to identify the presence of vegetation, and it is calculated with Equation (1). As far as the Landsat 8 images are concerned, the spectral bands used to calculate NDVI are band 4 (red) and band 5 (near infrared). The NDVI values vary between −1 and +1, and Table 3 describes the NDVI values that correspond to the various surface characteristics.
where: NIR is the near infrared wavelength, referring to spectral band 5 of Landsat 8 images; RED is the red wavelength, referring to spectral band 4 of Landsat 8 images. The green analysis results were then compared to evaluate the accuracy of the two approaches (see Figure 1 ) as a function of the precision of the input data (orthophotos with a resolution of 0.1 m and satellite images with a resolution of 30 m) using the FA tool and the NDVI values. This check was necessary to verify the reliability of the results because of the different levels of precision of the data. Finally, the current state of vegetation, at a ground level, was mapped for the whole city.
Building Analysis
A 3D evaluation analysis was made through the use of the GIS tool in order to evaluate the presence of existing and potentially future green roofs. A 3D model of the building roofs was developed using the building footprints, DSM (with a precision of 0.5 m) and orthophotos (with a precision of 0.1 m).
The potential of green-roof retrofitting depends on the cover material and the physical aspects of the roof, such as the available surface and inclination. In addition, the local built environment plays a significant role in urban areas, due to the shadowing effects of the surrounding buildings. These effects are important for the selection of the most appropriate plant species for green roofs. The following criteria were identified, on the basis of these aspects, to select the existing and potential green roofs: a larger roof area than 100 m 2 , the roof material (green, no red tiles), a roof slope of less than 11° for flat roofs and 20° for pitched roofs and more than 3 h of sunlight (sunny roofs). The building roofs were thus classified into three typologies: existing green roofs, potential green roofs, and non-potential green roofs.
The 3D analysis was carried out according to the following five steps:
• The building footprints (obtained from municipal technical map) were used to quantify the roof areas. Only buildings with a larger roof area than 100 m 2 were identified as potential green roofs.
•
The FA tool was used to evaluate the roof material (see Section 3.2.1). This tool allows roofs to be classified according to the cover type (tiled and non-tiled roofs). The non-tiled roofs were identified as potential green roofs.
The roof slope was assessed with the 'Slope' tool in ArcGIS using the DSM. The roofs were classified into two categories: potential green roofs, flat roofs with a slope of less than 11° (will not require special structure measures), pitched roofs with a slope of less than 20°, and nonpotential green roofs with a larger slope than 20° (structural anti-shear protection is needed).
More than 3 h of sunlight allows vegetation to grow [6] and these roofs were identified as "sunny roofs". An analysis of solar radiation was performed, with the 'Solar Radiation' tool in ArcGIS, using the DMS. The quota of annual incident global solar radiation was quantified for each pixel (0.5 m), and the hours of sunlight were then calculated. Sunny roofs with three or more hours of sunlight were identified as "potential", while the shaded roofs (less than 3 h of sunlight) were classified as "non-potential". Two methods exist to quantify the availability of sunlight on rooftops:
(i) the Angström-Prescott formula, that is, Equation (2), which defines the relationship between solar irradiation and sunshine duration [12] :
where: H is the monthly mean daily global solar radiation (W·m −2 ·day −1 ); H0 is the daily extra-terrestrial radiation on a horizontal surface (W·m −2 ·day −1 ); a and b are empirical constants; n is the monthly average daily sunshine duration (hours); N is the maximum possible daily sunshine duration (hours).
(ii) the sky view factor (SVF) (see Section 3.3.1), which represents the percentage of visible sky at specific locations. According to Middel et al. [37] , it is possible to quantify the number of hours of daylight with SVF, calculated at a roof level; it was assumed that roofs with greater SVFs than 0.3 receive at least 3 h of daylight and they were therefore identified as "sunny roofs".
• Finally, the characteristics of the roofs were overlaid to consider all the criteria. With this procedure, the potential green roofs were identified, and the roof areas were computed by considering the geometrical characteristics of the built environment and the microclimate conditions.
Outdoor Thermal Comfort
The outdoor thermal comfort analysis was performed considering the morphological parameters, the land cover types (at a building block scale) and the thermal comfort indexes calculated with the WS data ( Figure 2 ). 
Morphological Parameters and the Land Cover Types
A microclimate is affected by the local urban morphology, which can be described through the use of several parameters [27] , such as the canyon height-to-width H/W ratio [24] , the sky view factor (SVF) [28] , the main orientation of the streets (MOS) [4] , the presences of vegetation [10] (as described in Section 3.2.1), and the albedo of the outdoor surfaces [13] . In this work, the outdoor thermal comfort conditions have been investigated by assessing the characteristics presented hereafter.
•
The types of reflective surfaces were assessed by calculating three albedo indicators: visible, near-infrared and short-wavelength. According to [38] , linear Equations (3)-(5) were used to calculate the albedo of the outdoor surfaces using Landsat 8 (OLI/TIRS) images for two months in the year 2016 (January and August). For the short albedo (Ashort), five bands (2, 4, 5, 6, and 7)
were used to predict the total shortwave albedo; for the visible albedo (Avisible), three visible bands (2, 3 and 4) are sufficient to predict the broadband albedos; and three bands (5, 6, and 7) were used for the near-IR albedo (ANIR). The albedo values vary between 0 to 1, for vegetated land, the visible albedo is small and the total shortwave and near-IR albedos are large [39] ; in these equations, α represents the Landsat bands:
• The land-surface temperature (LST) is the radiative temperature of land surface derived from solar radiation, is not the real temperature on the surface; it is very important because has strong relationship with the land surface heat exchange processes, the types of land use/cover and the air temperature. Satellite images were acquired from the Landsat 8 satellite OLI/TIRS sensor in the winter season (21 January 2016) and in the summer season (25 August 2016) to estimate the LST. In this work, bands 10 and 11 were used to estimate the LST from Landsat 8 data [25, 37] :
where:
Tb is the at-satellite brightness temperature (°C); Lλ is the TOA spectral radiance for wavelength λ (11.5 μm) (W/(m 2 ·srad·μm)); p is calculated using the formula: h·c/σ (1.438 × 10 −2 mK) where:
h is the Planck constant (6.626 × 10 −34 Js); σ is the Boltzmann constant (1.38 × 10 −23 J/K); c is the velocity of light (2.998 × 10 8 m/s); ε is the emissivity, which can be computed according to Equation (9) . The top of atmosphere (TOA) radiance, L λ , was calculated with Equation (7):
Lλ is the TOA spectral radiance for wavelength λ (W/(m 2 ·srad·μm); ML is the band-specific multiplicative radiance rescaling factor from the metadata (file MTL for band numbers 10 and 11);
Qcal is the quantized and calibrated pixel values (DN); AL is the band-specific additive radiance rescaling factor from the metadata (file MTL).
The at-satellite brightness temperature (Tb) was calculated assuming that the surface emissivity was equal to that of a black body:
where: T b is the at-satellite brightness temperature in Celsius degrees (°C); K1 and K2 are band-specific thermal-conversion constants from the metadata (MTL file for band numbers 10 and 11).
The emissivity (ε) of the land surface cover can be computed according to [40] :
Pv is the proportion of vegetation (-):
where: NDVI is calculated according to Equation (1); NDVImin and NDVImax are the minimum and maximum values calculated for a specific area, respectively.
Shading affects outdoor thermal conditions and consequently influences outdoor thermal comfort. In order to consider the effect of shading, two parameters were investigated: the sky view factor (SVF) and the canyon effect, measured using the canyon height-to-width ratio (H/W). The SVF measures the visible portion of the sky from a given location, and it can be used to describe the obstructions and the thermal radiation lost to the sky from the built environment [37] . In this work, SVF was calculated using a digital surface model (DSM), with an accuracy of 5 and 0.5 m, using the relief visualization toolbox (RVT) software. The H/W ratio was calculated using the 'Generate Near Table' tool in the GIS. In a urban context, the shading effect is a function of the canyon H/W ratio ( Figure 3 ) as well as of the street orientation (MOS), building coverage ratio (BCR), building height (BH), the relative height (H/Havg) and the building density (BD) [26] . These urban parameters have been calculated with the support of GIS tool according to [14] .
The canyon effect was investigated using the H/W ratio considering the different heights of the adjacent buildings ( Figure 3) . A compact urban environment, with short distances between buildings, leads to a higher absorption of solar irradiation, with higher air temperatures and low ventilation; this effect may not be perceived for longer distances [26] . 
Thermal Comfort Indexes
From a literature review [9, 17, 19, 20, 41] , it has emerged that three main categories of indexes may be used to assess outdoor thermal comfort: energy balance models, empirical indexes and indexes based on linear equations.
In this work, some indexes (based on linear equations) were calculated, according to the availability of the weather data, considering the following parameters: air temperature (Tair, °C), relative humidity (RH, %), vapor pressure (vp, hPa), wind velocity (v, m/s) and solar irradiance (I, W/m 2 ). The following indexes were calculated for a typical winter day and summer day:
• Apparent temperature (AT): the equivalent perceived temperature resulting from the combined effects of air temperature, relative humidity and wind speed. • Heat index (HI): which is also known as an apparent temperature, is the temperature perceived by the human body when the relative humidity of the air is combined with the air temperature.
•
Normal effective temperature (NET): which is the effective temperature perceived by the human organism for certain values of air temperature, relative humidity and wind speed.
Relative stain index (RSI), which is used to describe the thermal comfort of a standard pedestrian under specific environmental conditions (wind speed equal to 1 m/s and no direct solar radiation).
Wind chill index (WCI), which considers the cooling power of wind and its impacts on the thermal comfort in a cold environment. Table 4 summarizes the outdoor comfort indexes, their thermal sensation scales from sweltering to extremely cold, and shows the different application fields. 
Energy Savings
According to the recent directives and laws on the energy performances of buildings, the building envelope should be well insulated to improve energy savings throughout the year and to contribute to a good internal thermal comfort condition [42] . It is important to select suitable insulation materials for building energy efficiency and security [43] . For example, Lim et al. [44] investigated vacuum insulation panels (VIPs) to increase the energy efficiency of building, also phase change materials (PCM) installed in buildings can reduce the indoor air temperature [45] , improving the thermal comfort during summer period. A green roof is part of the opaque envelope of a building; it is a complex system, with different layers, and can provide several benefits to the building and its surrounding urban context, including thermal insulation during the heating and cooling seasons.
Green roofs may be defined as extensive or intensive systems, and this difference is of particular importance because the two solutions have dissimilar characteristics. An extensive green roof can be applied to both flat and pitched surfaces; it is not a usable garden, but just a green roof with a positive effect on environmental mitigation and ecological compensation. An intensive roof is a real, accessible garden, complete with grasses, plants and trees.
In this work, the thermal behavior of three different types of green roofs, located in two of the eight outdoor spaces in Turin, were analyzed, by means of experimental campaigns, during the heating (HS) and cooling (CS) seasons ( The thermal behavior of the three green roofs was evaluated by considering their thermal transmittance, periodic thermal transmittance, decrement factor and time shifts (according to the EN ISO 7345:2017, EN ISO 6946:2017 and EN ISO:2017 Standards). Thermal resistance and transmittance were obtained by measuring the heat flow rate and the surface temperatures on both sides of the green roofs with the heat flow meter method and the progressive average method described in the ISO 9869-1:2014 Standard. Internal and external surface resistances of 0.10 and 0.04 m 2 K/W were used to obtain the thermal transmittance (U) of the green roofs from the relative measured thermal conductance (C):
. . (11) Tables 5 -7 show the stratigraphy of the three green roofs obtained from design reports. It can be observed that the extensive roof is not isolated, is thin and light. The intensive green roofs are instead insulated, thicker and heavier. Moreover, the thick intensive roof is accessible and is used in a university campus as a recreational space for students during lesson breaks.
Case Study
Turin is the fourth most populous city in Italy with 874,508 inhabitants and a population density of 6726 inh/km 2 (census ISTAT, 2019). Furthermore, Turin is the Italian city with the most public green areas and parks, with about 21.1 m 2 of green per capita and about 160000 trees [20] . The city is in the North-Western part of Italy and has a continental temperate climate (cold, dry winters and hot, humid summers). The city is characterized by the UHI effect, with higher outdoor air temperatures than in the rural and hilly areas [46] . As far as the outdoor air temperatures are concerned, according to the average monthly temperatures of 1970-1990, UHI causes an increase of about 2 °C in winter and 1 °C in summer [10] . There are about 60000 heated buildings (75% of residential buildings) in Turin, and the Municipality has considered the use of green roofs as a high thermal inertia solution to improve the thermal comfort conditions in summertime and wintertime, to mitigate UHI effects and storm water run-off.
In order to evaluate the influence of the urban morphology and land cover types on the indoor and outdoor thermal comfort, a number of parameters were evaluated at a building block scale for the entire city of Turin ( Figure 5 ). 
Climate and Microclimate Characteristics
Microclimate conditions are influenced by such environmental features as the urban morphology, the solar exposition, the type of materials used in the outdoor spaces and the presence of vegetation and/or water. In this work, the data of seven weather stations (WS) were used to evaluate how the urban characteristics influenced the microclimate and thermal comfort conditions. The considered weather data refer to a typical winter day (21 January 2016) and summer day (25 August 2016). These two days were chosen because of: the availability of the hourly data of seven WSs; the availability of satellite images in summer and winter with a low cloud coverage (less than 5%); and considering the average monthly trend temperatures closest to the last 10 consecutive years. Figure 6 shows the hourly air temperature trends of seven Turin WSs, referring to a winter and a summer day. It is possible to observe that the WSs located in peripheral areas or in green areas (i.e., the 'Reiss Romoli' and 'Vallere' WSs) have lower hourly air temperatures than the WSs in the city center or in densely built-up areas (i.e., the 'Politecnico' and 'Via della Consolata' WSs). Figure 7 shows the monthly air temperatures of five WSs measurements for two consecutive years: 2016 and 2017. It is possible to observe that WSs located in parks or green areas have lower average monthly air temperatures compared to the WSs located in the built-up urban context (this trend is visible in the months from September to February). Figure 8 show the satellite images used for the LST calculation, referring to 25 August and 21 January 2016. The satellite images show a very low percentage of cloud cover (3.8% in winter and 0.8% in summer), but it was necessary to exclude some areas from the analysis because the cloud cover invalidated the results, especially for 25 August (Figure 8 ). LST has been calculated for the entire city and, in Figures 8 and 9 . It is possible to observe lower values in the hilly areas, with differences of 16 °C in summer and 8 °C in winter, compared to the city center. In this work, only air temperature data and LST values (calculated using Landsat 8 images) were used to assess the outdoor thermal comfort. The air temperature data are closely correlated with LST, especially in wintertime, and this variable was therefore used for the outdoor thermal comfort evaluations. However, it is necessary to take into consideration that the LST values are not so precise (due to the 30 m resolution of the input data) and that WSs only record data in a specific point.
Results and Discussion
In this section, the impact of the green roofs and green urban areas on outdoor and indoor thermal comfort has been analyzed for the city of Turin. The results are presented according to the three topics investigated in this work: current and potential vegetation at a roof and a ground level, outdoor thermal comfort assessment, and energy savings scenarios.
Current and Potential Vegetation at a Roof and a Ground Level
The green urban areas in the city of Turin have been identified and mapped using 2D and 3D models. The first analysis concerns two 2D model methodologies. Methodology (i) allowed all the green areas to be extracted, on the basis of the color tones, through the use of the FA tool. This methodology was only applied to eight areas in Turin because the color tone extraction required very long times to process the orthophotos, due to the high accuracy of the data (0.1 m). The eight areas were identified on the basis of the location of the weather stations and the territorial characteristics ( Figure 10 and Table 8 ). Moreover, these areas can be considered as reference areas for the future analyses of the entire city. It emerged, from the first analysis, that the share of green areas on average is 28%; Table 8 shows the results of the analysis of each area. The 92 statistical zones of the city of Turin were chosen for this approach according to their socio-economic characteristics (Figure 10 ). An analysis of the green areas conducted with this methodology considers all the types of vegetation (i.e., trees, parks and gardens) without distinction.
With the second method (ii), it was possible to investigate the whole territory. The used input data were satellite images with a precision of 30 m and, according to Section 3.2.1, NDVI was evaluated at a building block scale and distinguishing between the summer and winter days. Figure  11 shows the results of the NDVI calculation, where satellite images referring to 25 August and 21 January 2016 were used. It is possible to observe that NDVI varies for the different seasons, with higher values in summertime.
In order to evaluate the accuracy of these two methodologies, the results obtained from the analysis of the eight areas were compared with the results of the second methodology. Figure 12 shows the results of the comparison of the two methodologies for the 'Politecnico' area (n.6) with the percentage of green areas calculated using FA and the NDVI values calculated using Landsat 8 images. Figure 13 shows a very good correlation between the results of these two methodologies for the 'Politecnico' area.
The results of the first method (i) are more detailed because the input data has a resolution of 0.1 m. This affects the simulation times, which are much longer than those of the second methodology, (ii), where the vegetation was analyzed using data with a precision of 30 m. However, it has emerged, from the comparison of the results, that the second approach, although being less precise, can give a good description of the urban vegetation at a municipal scale in short calculation times. The second analysis concerns a 3D model methodology. The 3D analysis of existing vegetation was made at a roof level in order to identify the existing and potential green roofs. According to Section 3.2.2, the current and potential vegetation were quantified at a roof level considering four criteria: the roof area, roof material, roof slope and hours of sunlight. The main steps of the methodology applied to the 'EnviPark' area (n.2 in Figure 14 ) are indicated hereafter. Figure 15 shows the classification of the existing, potential and non-potential green roofs for 'EnviPark' area. It emerged, that 0.5% of the 3315 buildings (4% of roof areas) are already green roofs, 11.4% are potential green roofs and the remaining 88.1% do not satisfy one or more of the criteria used for the classification and are therefore non-potential green roofs.
This type of analysis was carried for the city of Turin, and the results obtained from the assessment of the eight areas ( Figure 10 ) were presented in detailed ( Table 9 and Figure 16 ). For the city of Turin, it was found that the existing and potential green roofs are respectively almost 300 (257380 m 2 ) and 15450 (6787929 m 2 ). Compared to the total roofs in Turin, the 12.2% (127105) are potential green roofs and the 87.6% are non-potential green roofs. From the results obtained, the intervention priorities were identified in the statistical areas according to:
• surfaces (m 2 ) potentially used for the creation of green roofs; • empty industrial areas that need requalification; • critical areas with low presence of vegetation (low NDVI values) and high summer temperatures (high LST values). Figure 17 shows that the warmer areas are those with the least green areas (highly urbanized areas). Areas with the greatest potential ( Figure 18 ) are mainly the industrialized peripheral areas, some of these industrial areas are empty spaces that need requalification. The areas with a high intervention priority are therefore those with low NDVI values, high LST values, high presence of potential green roofs, and high presence of empty industrial spaces. Areas with these characteristics were hightailed in Figure 18 . 
Outdoor Thermal Comfort Assessment
This section describes the results obtained from the outdoor thermal comfort analysis. Only air temperature data and LST values were considered for this assessment. Since there is a significant correlation between the air temperature and the LST, the relationship between the urban geometry/land cover and microclimate conditions was investigated using the LST values (at a building block/census section scale). The LST, NDVI, Albedo and such urban parameters as the H/W ratio, BCR and SVF values were mapped at a census section scale. A total of 88 of the 3719 census sections were excluded, due to lack of data; moreover, another 179 census sections were not considered in the analysis because of negative NDVI values, due to the presence of water. The main variables for the city of Turin are reported in Table 10 in order to identify the application field of this analysis. It is possible to observe that there is a significant positive correlation between LST and BCR (34%) and a significant negative correlation between LST and NDVI (−43%).
The results are also aggregated in Table 11 , according to the LST values, in order to evaluate the average trends. It emerges, from Table 11 , that LST increases as the BD and the H/W ratio increase; while LST decreases for increasing green areas and reflecting surfaces (high albedo values). Figure 19a shows the effect of the H/W ratio on thermal comfort. It may be observed that LST decreases for low values of the H/W ratio (less than 0.8), as a function of other parameters, such as the NDVI, albedo and SVF. LST is constant and high for H/W values over 0.8 with the urban canyon effect; it was not possible to investigate LST for values of H/W over 1 due to a lack of values. Figure 19b represents the effect of NDVI on thermal comfort. It can be seen that LST has a different trend in the presence of water (with negative values of NDVI) from areas with positive NDVI values. In fact, LST decreases for positive NDVI values as NDVI increases, and LST decreases more rapidly for NDVI values above 0.4 (dense vegetation). Aggregating the results of this analysis (Figure 20) , it has been found that LST increases as the built urban surfaces (BCR) increase, and the same trend occurs when the H/W ratio increases (in this case, the H/W values are average data and vary between 0.2 and 0.45).
Finally, Figure 21 shows the high correlation between NDVI and ANIR, and the average trend between NDVI and LST. From the results obtained for the city of Turin, it has been confirmed that LST and the air temperature tend to decrease more or less rapidly as the green areas increase, depending also on the type of urban morphology. The results of a number of thermal comfort indexes are presented in the last part of this section. The outdoor thermal conditions in Turin were assessed using the hourly interval measurements of seven WSs, considering a typical winter and summer day. In general, it is possible to observe that (in both summer and winter) the least risky areas are those located in the peripheral areas of the city and/or in the presence of green areas. Figures 22, 23 and 24 show some examples of the hourly results for the apparent temperature (AT), the discomfort index (DI) and the heat index (HI). These results are mainly due to the proximity to green areas and to the type of urban environment. In fact, the worst thermal comfort conditions are observed for the 'Politecnico' and 'Via della Consolata' WSs, which are characterized by a low percentage of green areas and a compact urban environment. 
Energy Saving Scenarios and Indoor Thermal Comfort
The thermal behavior of the green roofs, their surface temperatures and some temperatures inside their substrates are represented in Figures 25, 26 and 27 in the graphs on the left. The graph of the progressive average method, used to identify thermal conductance (C), is reported on the right and the calculated and measured thermal transmittances (U) are shown below. The measured values of U vary during the different seasons due to the moisture and water content (because of the rain and the presence of the irrigation systems) in the substrate and in the other layers on the roofs. The energy savings are closely correlated with the thermal transmittances, which influence the heat dispersions by transmission, and by the thermal inertia of the green roofs, which is described by the dynamic variables: decrement factor (f) and time shift (Δt). The low decrement factor and the high time shift demonstrate good insulation and thermal inertia, with a consequent stable internal surface temperature, good thermal comfort conditions and energy savings, especially in summertime.
In Italy, the thermal transmittance limit (Ulim) of roofs is currently 0.24 W/m 2 /K; this value is not reached in any of the analyzed roofs but it could be with an extra layer of thermal insulation (with extruded polystyrene: +10 cm for the extensive roof, +1 cm for the thick intensive roof and +9 cm for the thin intensive roof). However, the thermal transmittances of these three green roofs are much lower than the ones of existing buildings' roofs, considering that a brick-concrete flat roof has a thermal transmittance of 1.65-1.85 W/m 2 /K if not insulated and 0.97-1.01 W/m 2 /K with low insulation [47] .
The annual primary energy savings (∆Qpr) foreseen for an energy efficiency intervention, such as the retrofit with a green roof, can be calculated using the simplified formula provided by the Italian national agency for new technologies, energy and sustainable economic development ENEA (https://www.efficienzaenergetica.enea.it/detrazioni-fiscali/ecobonus/per-i-tecnici/esempi-per-ilcalcolo.html, in Italian). Given a roof element of surface S, if the variation of thermal transmittance ∆U, due to the retrofit intervention, and the difference of inside and outside air temperatures ∆T are known, the heat that is not dispersed ∆QD,H (kWh), the energy savings ∆QS,H (kWh) and the primary energy savings ∆QPS,H (kWh) during the heating season can be evaluated:
∆QD,H = ∆U·∆T·S ∆T = HDD/ggH·R· f ∆QS,H = (∆QH·24·ggH)/1000 ∆QPS,H = ∆QS,H /ηg (12) where: ∆U = difference in thermal transmittance between an existing roof and a new green roof (W/m 2 /K); ∆T = difference between inside and outside air temperature (°C); S = dispersing surface of the roof (m 2 ); HDD = heating degree days at 20 °C (°C); ggH = duration in days of the heating season R = correction factor of the temperature difference according to the type of opaque element (if the opaque or transparent element divides a heated environment from: external = 1; unheated environment = 0.5; unheated and ventilated environment = 0.8) (-); f = correction factor that takes into account the value of the average internal temperature and the system's interference functioning (0.9 for residential, 0.4-0.8 for all other buildings) (-); ηg = average seasonal efficiency of the heating system (in Italy, ηg = 0.65-0.8) (-).
In Turin with 2617 HDD at 20 °C and considering the seven areas identified in Figure 18b , a potential surface of green roofs of 554,000 m 2 can be identified. If in this area, all the potential green roofs can be retrofitted with green roofs with a thermal transmittance of 0.24 W/m 2 /K (according to Italian Decree D.M. 26/6/15). In Table 12 are reported the results considering three scenarios: the first starting from non-insulated roofs, the second from low-insulated roofs and the third from noninsulated green roofs. In the last column it can be observed that the emissions avoided are equivalent to hectares of woods, meaning that green is an action to mitigate the greenhouse and the UHI effects. In Figures 25, 26 and 27 , the temperatures of the extensive, the thick intensive and the thin intensive green roof are represented as an indicator of their thermal behavior. Very stable internal temperatures can be observed, with comfortable values of about 20°C during the heating season and 26 °C during the cooling season. The graphs on the right represent the evaluation of the thermal conductances with the progressive average method (in green) and it can be observed these values are stable in the last 24 h. 
Conclusions
Covering roofs with vegetation and creating green urban areas can provide several benefits, such as the increase of biodiversity, the decrease of storm water run-off, a decrease in air pollution, the improvement of indoor and outdoor thermal urban comfort (mitigation of UHI), energy savings and noise attenuation.
By investigating the effect of vegetation and of the urban morphology on the climate and microclimate conditions, this work has demonstrated that outdoor and indoor thermal comfort increase proportionally with the presence of vegetation, green roofs and higher values of the albedo of urban surfaces. On the other hand, the discomfort and the UHI effect increase in accordance with higher values of the canyon height-to-width ratio and the building density. The four main findings of this study are:
•
A simple approach was developed to rapidly quantify the city's green areas with 2D models, while more accurate 3D models were applied to only eight areas in Turin to evaluate the potential for green roofing. The presented methods are able to classify the geometry of roofs for huge areas, according to green-roof design criteria, as input for the planning process (roof area, roof material, roof slope and hours of sunlight).
•
The environmental protocols (i.e., LEED) used for the evaluation of outdoor thermal comfort and UHI mitigation normally only use information on vegetation and on the albedo parameters of horizontal surfaces, whereas the results of this study suggest that it could be useful to also include such characteristics of the urban environment as the building density and the urban canyon height-to-width ratio.
Outdoor thermal comfort was assessed by evaluating the correlations between certain territorial characteristics and microclimate conditions through an analysis of the presence of vegetation, the reflection coefficient of surfaces (ANIR), the canyon height to width ratio (H/W), the shading effect and the land-surface temperature (LST). This study has shown that there is a significant and positive relationship between LST, the H/W, and the BCR, and a negative correlation between LST, NDVI, and ANIR. In general, LST and the air temperature tend to decrease as the green areas increase. This trend depends on the type of urban context, for example, the orientation of the streets. LST is constant and high (H/W > 0.8) in compact urban contexts; LST decreases for lower values of H/W, in part as a result of other factors, such as NDVI, ANIR, and SVF. Shading from buildings, vegetation and the morphology of the territory all contribute to reduce the outdoor air temperature during daytime in both summer and winter. • Three green roof technologies were analyzed in this work through measurement campaigns. The results of these measurements show that green roofs are a high thermal inertia technology and therefore guarantee both energy savings and a stable internal temperature with consequent improved summer and winter thermal comfort conditions. A thicker thermal insulation layer should be utilized to reach the thermal transmittance limit established by the standards in force.
With this type of analysis, it is possible to identify the real urban heat island mitigation potential through the use of green roofs as a measure to promote the sustainable development and liveability of a city, thereby improving also the thermal comfort conditions. The priorities of the interventions have been established through the use of a GIS, which allows the distribution of different parameters to be mapped in order to identify the most critical areas (with low thermal comfort conditions and a high UHI effect). From the results, a scenario has been identified: requalification of the most critical areas of Turin with the use of green-roof technologies, parks and rows of trees along the streets in order to improve thermal comfort conditions, reduce energy consumption and therefore mitigate the UHI effect. In particular, with an increase of 0.1 of NDVI in the most critical areas, there would be a 15% increase in green, a decrease in LST of 2.7 °C (with lower air temperatures), and an energy saving of approximately 14 GWh/year with a reduction in GHG emissions of about 2840 tonCO2 (in terms of woods: +28.4 ha) [46] . Therefore, the identification of suitable urban strategies can contribute toward obtaining considerable comfort improvements and, consequently, the promotion of more liveable, comfortable and sustainable cities.
